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Molecular dynamics simulationsInconel 600, a Ni-based alloy was considered as a possible replacement for austenitic stainless steels for
service at high temperatures in nitrogen containing atmosphere of the neutron detector. To obtain a
fundamental understanding of the differences in the diffusivity of nitrogen in pure Fe and Ni lattices,
molecular dynamics simulations were carried out. Based on the simulation of nitrogen trajectories in
the temperature range of 1200–1400 K, pre-exponential factor, activation energy and jumping frequency
were calculated and compared for fcc Ni and Fe. MD simulations conﬁrmed that rate of diffusion of
nitrogen is lower in Ni when compared to Fe, suggesting the replacement of austenitic steel with Inconel
600 for better performance of the detectors.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).Introduction
Fission chambers with high sensitivity, capable of providing
sustained service in hostile environments like high temperature,
neutron and gamma ﬂuxes are designed for both in-core and
out-of-core applications [1]. Structural materials for the electrodes
of the neutron detector (Fig. 1) are chosen such that they satisfy
the demands from radiological, thermal and mechanical property
considerations [2]. For detectors operating up to 523 K, high purity
aluminium was used as the structural material whereas austenitic
stainless steel was preferred for higher operating temperatures
(523–873 K). In addition, if there is liquid sodium environment,
300 series austenitic stainless steels were preferred due to their
compatibility with liquid sodium and high temperature mechani-
cal property [3]. In ﬁssion chambers which work on the principle
of ionisation detectors, argon was often used as the ﬁlling gas
due to its chemical inertness, low thermal neutron cross section
and good ionisation properties [4]. When ‘fast response detectors’
(with collection time 6120 ns) were developed argon was replaced
with a mixture of argon + (3–5%) N2 [5,6] which necessitated a
reevaluation of the structural material. At high operating tempera-
tures (>723 K), if austenitic stainless steel is exposed to the ﬁlling
gas containing nitrogen there is an increased probability of it get-
ting nitrided forming Fe and Cr rich nitrides on the exposed surface
[7,8]. As a consequence nitrogen used as the ‘quenching gas’ in the
detector is consumed thereby increasing the dead time of thedetector compromising its efﬁciency as a ‘fast response’ chamber.
Hence Inconel 600, a Ni-based alloy was considered as a possible
replacement for stainless steel with the objective of enhancing
the performance of the detector.
Although Inconel 600 with similar (a) crystal structure and (b)
concentration of the major nitride forming element (Cr) [9] as that
of austenitic stainless steel may exhibit similar nitriding behaviour,
the difﬁculty in nitriding Ni could also make it more resistant to
nitriding. This has been established through detailed experimental
study of Inconel 600 followed by microstructural characterisation,
nitrogen proﬁle simulation and microstructure prediction [10,11].
This study established that under the same conditions of nitriding,
growth kinetics of the nitride layer in Inconel 600 is four times
slower than that in an austenitic stainless steel. This behaviour
was attributed to the differences in the diffusivity of nitrogen in
Ni and Fe based substrates. No direct experimental data are avail-
able on nitrogen diffusion in pure Ni except the work carried out by
Lappalainen and Anttila [12] on nitrogen ion implantation. Hence,
to obtain a fundamental understanding of the diffusion of nitrogen
in pure Fe and Ni lattices detailed work has been carried out to
estimate the diffusion parameters of nitrogen in fcc Fe and Ni
based on simulations within the frame work of molecular
dynamics, the results of which are presented in this paper.
Among various simulation techniques available in the literature
like the molecular statics [13], Monte Carlo [14] and ﬁrst principle
based ab initio calculations [15], molecular dynamics (MD) was
found to be ideal for the estimation of transport coefﬁcients and
time dependant response of a system to external perturbations
[16,17]. MD simulations have also been used extensively for
Fig. 1. Schematic of the ﬁssion chamber.
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in selected systems [18,19].
MD simulation used to study the interstitial diffusivity of
carbon using various interatomic potentials is reported in the liter-
ature [20–23]. Compared to the information available for carbon,
study on nitrogen diffusivity in Fe is scarce. Johnsons et al. [24]
studied the transport properties of carbon and nitrogen atoms in
Fe and V considering the similarities in their behaviour in Fe lat-
tice. Grujicic et al. [25] developed EAM potentials to derive the
physical properties for Fe–N system and later used it to analyse
the thermally activated movement of dislocations in Fe–Cr–Ni–C
alloys [26]. MEAM potentials are also available for Fe–C and
Fe–N systems [27]. However, to the best of our knowledge MEAM
potentials are not available for Ni–N system. Hence, in the present
investigation EAM potentials developed by Grujicic et al. [25,26]
for Fe–N and Ni–N systems have been used.
Computational details
In molecular dynamics simulation the time dependent position
and velocity coordinates of atoms are determined by solving New-
ton’s classical laws of motion and the force acting between any two
atoms is obtained from the interatomic potential as shown below:
FðrÞ ¼  @=@rð Þ UðrÞ½  ð1Þ
where U(r) is the total potential energy function which can be fur-
ther split into 1-body, 2-body and many body interaction terms. In
EAM formalism each atom is considered as an impurity atom
embedded in a cloud of other atoms and the mathematical expres-
sion for the total potential energy function is given as follows
E ¼
X
i
Fi qið Þ þ 12
X
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ð2Þ
where ~qi ¼ Riq rij
 
is the electron density of an atom j at the posi-
tion of atom i, Fið~qiÞis the embedding energy function which
depends on the electron density distribution at site ‘i’ due to all
other neighbouring atoms, /ij (Rij) is the pair potential term
between the atoms separated by a distance Rij and the summationis taken over all the atoms. Depending on the system under consid-
eration it is essential to select the appropriate interatomic potential
and validate it prior to the simulations. In general, validation of the
interatomic potentials is carried out by calculating certain physical
properties of the system such as bulk modulus, cohesive energy,
elastic constants and thermal expansion coefﬁcients.
In the present work EAM potentials were validated by calculat-
ing the cohesive energy, bulk modulus and elastic constants. For
both fcc Fe and Ni lattices size of the super cell was considered
as 10*10*10 consisting of 4000 atoms each. For validation of the
potentials, fcc Fe/Ni–N lattices were equilibrated assuming the
number of atoms, volume and pressure to be a constant (4000
atoms at NPT). Periodic boundary conditions were applied along
x, y and z directions of the unit cell. For fcc Fe and Ni lattices, equi-
librium values for lattice constants were assumed as 3.59 and
3.52 A0 respectively. The lattice constants for Fe and Ni lattices
were varied from 3.58 and 3.51 A0 to 3.60 and 3.53 A0 respectively
in steps of 0.0001 A0. Variation in the potential energy was moni-
tored as a function of lattice constant for every 50 ps till the total
time of simulation. From the plot of potential energy (E) vs. lattice
constant (a) cohesive energy and bulk modulus were estimated
using the procedure available in the literature [28]. Following
expression was involved in estimating the bulk modulus.
B ¼ a
2
0
4m
@2E
@a2
ð3Þ
where ‘a0’ and ‘a’ are lattice constants at equilibrium and after dila-
tion respectively. ‘E’ represents the total energy of the atom and ‘v’
is the volume per atom. Cohesive energy, the minimum energy or
the energy per atom at equilibrium separation was obtained as
4.95 and 5.24 eV for Fe and Ni lattices respectively. Bulk modulus
was calculated as 0.8 and 1.12 eV/A03 for Fe and Ni lattices respec-
tively. Elastic constants were obtained by applying strain on the lat-
tices in x, y and z directions of the unit cell. Relative change in the
length of the unit cell in comparison with equilibrium values was a
measure of the elastic constants.
Table 1 shows a comparison of the calculated and reported
[25,26] values for cohesive energy, bulk modulus and elastic con-
stants. Compared to the values reported by Grujicic et al. [25,26],
24% error was observed for Fe–N system and 27% error for
Ni–N system. Even though the authors have used the same EAM
potential parameters as that of Grujicic et al. discrepancy in the
estimated properties of the materials could be probably due to
the difference in the actual procedure adopted for MD simulations.
For further validation, Eq. (4) was used to calculate bulk modulus
from the elastic constants and compare with the value obtained
using the simulations. Elastic constants and bulk modulus are
related as follows:
B ¼ C11 þ 2
C12ð Þ
3
ð4Þ
where C11 and C12 are the elastic constants. Values of bulk modulus
calculated using Eq. (4) were 0.706 and 1.06 eV/A03 for Fe and Ni
lattices respectively which varied by <10% from the values obtained
from the simulation. Thus in the present study EAM potentials of
Grujicic et al. [25,26] were used and the system was equilibrated
in a canonical (NPT) ensemble followed by NVE integration of the
atoms to ensure conservation of the system.
A typical MD system consists of 103 to 105 atoms for a time step
of few tens of nano seconds (ns). Considering the extremely limited
solubility of nitrogen in Ni (0.0012 wt.% at 1823 K under 1 bar of
nitrogen partial pressure) [9] only a dilute system of one nitrogen
atom in 4000 Ni or Fe atoms was considered for the actual simula-
tions. In both the lattices preferred site occupancy for nitrogen
atoms was considered as interstitial octahedral sites to minimise
the free energy of the system. Initial coordinate of the nitrogen
Table 1
Comparison of calculated and reported [25,26] physical properties using EAM potentials.
System Cohesive energy (eV) Elastic constants Bulk modulus (eV/A03)
C11 C12
Present Study Reported Present study Reported Present study Reported Present study Reported
Fe–N 4.95 3.989 0.99 0.883 0.564 0.627 0.8 0.713
Ni–N 5.24 4.124 1.46 1.541 0.856 0.921 1.12 1.128
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at (1/4, 3/4, 3/4). Total time of simulation was ﬁxed as 4 ns at an
interval of 1E-7 s. After equilibrating the system using the CLAMP
method, velocities were assigned to each atom at a speciﬁed tem-
perature. Further, a canonical ensemble (NPT) was considered at a
speciﬁed temperature at an interval of 100 K and at a time step of
0.0001 fs. This method eliminated any deviation in the lattice con-
stants due to the diffusion of the atoms. Finally MD simulations
were carried out using a microcanonical ensemble in which a con-
stant NVE integration was done in order to maintain the N atom
trajectory consistent with constant number of atoms and simula-
tion super cell. Periodic boundary conditions were applied to the
simulation box so that whenever an atom leaves the box, vacancy
created is ﬁlled by another atom from the preceding cell and the
total number of atoms in the super cell is maintained constant. Dif-
fusion process was initiated by giving initial velocities according to
the Maxwell distribution at a particular temperature and force cal-
culations were applied to the imaginary simulation box or super
cell. MD simulations were carried out on XMD platform at various
temperatures in the range of 1200–1400 K with an interval of 50 K.
For solving the force integral equations a ﬁnite difference
method was used. Out of various logical algorithms available for
this purpose Velocity Verlet algorithm was used to calculate the
atomic positions from the previous and current time steps. Simula-
tions were carried out until the system reached equilibrium state
at zero pressure. Chosen time of simulation was found to be long
enough to obtain a linear dependence of mean square displace-
ment with time. Atomic trajectories were traced from the time of
evolution of atomic positions and velocity coordinates. Using these
trajectories transport properties such as diffusion coefﬁcients and
activation energies were estimated as described in the subsequent
sections.
Results and discussion
Fig. 2(a and b) shows the nitrogen trajectories in fcc Fe and Ni
lattices respectively at a temperature of 1200 K. At any given tem-
perature nitrogen atom was observed to travel over larger latticeFig. 2. Trajectory of nitrogen atom in (a) fcc Fespacings in Fe as compared to that in Ni. At each temperature
the mean square displacement (MSD) was calculated from the total
diffusing distance using the following Eq. (5) [28]
< R2ðtÞ >¼ 1
N
XN
i¼1
R2i ð5Þ
where N is the total number of atoms considered for simulation.
Plots of MSD vs. time of simulation for Fe–N and Ni–N systems
are given as Fig. 3(a and b) respectively.
From the MSD obtained at each temperature, the diffusion coef-
ﬁcient for nitrogen ‘DN’ was calculated using the following Eq. (6)
DN ¼ < R
2 >
6t
ð6Þ
where <R2 > is the MSD and ‘t’ is the time of simulation. At 1200 K
DFeN and D
Ni
N values were obtained as 3.48  10–10 and 4.46  10–
13 m2/s respectively. Arrhenius analysis (Fig. 4) of the variation of
diffusivities with reciprocal temperature helped in the estimation
of pre-exponential factor ‘D0’ and activation energy ‘Q’. D0 and Q
values were obtained as 6.17  10–7 m2/s and 0.78 eV respectively
for Fe–N and 1.38  10–9 m2/s and 0.83 eV respectively for Ni–N
system.
At a particular temperature, number of jumps of atoms and
MSD can be increased by considering a large simulation time
(>100 ns). In the present study, for a speciﬁc super cell dimension,
variation in the lattice constant for Fe and Ni was veriﬁed before
ﬁxing the time of simulation. Simulation box of dimension
10*10*10 with 4 ns as the simulation time showed almost consis-
tent lattice constant for both Fe and Ni lattices. In fcc Fe lattice
MSD of N atom was more than 25 A0 with a reasonable jump fre-
quency and diffusivity of N obtained using MD simulations
(7.6  1011 m2/s at 1400 K) matched well with the reported value
(6  1011 m2/s at 1473 K) in the literature [29].
On the other hand in fcc Ni lattice N atoms show only 2 jumps
at the lowest temperature of 1200 K. The number of jumps was
found to increase to 12–15 with an increase in temperature. To
increase the statistical accuracy associated with the number ofand (b) fcc Ni at a temperature of 1200 K.
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Fig. 3. Mean square displacement (MSD) vs. time of simulation for (a) Fe–N and (b) Ni–N systems.
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Fig. 4. Variation of ln DN vs. 1/T for Ni–N and Fe–N systems.
Table 2
Comparison of pre exponential factor and jumping frequency ‘C’ of nitrogen atoms.
System D0 (m2/s) C (/s)
Fe–N 6.17E-07 3.14E-07
Ni–N 2.28E-09 1.60E-10
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increased. However, computational difﬁculty associated with the
XMD platform which cannot accommodate large super cell sizes
and also to compare the diffusion kinetics of nitrogen in Fe and
Ni lattices under the same computational parameters present sim-
ulations have been carried out within a 10*10*10 super cell with
4 ns as the simulation time.
To the best of our knowledge there is no direct experimental
data available in the literature on nitrogen diffusion in pure Ni.
The only reported value is on nitrogen ion diffusion in N-implanted
polycrystalline Ni [12]. The reported values for N diffusivity and
activation energies in Ni are 4.5  1019 m2/s and 0.99 eV at rela-
tively lower temperatures in the range of 423–773 K. For the low-
est temperature investigated in the present work (1200 K) the D
and Q values were obtained as 4.46  1013 m2/s and 0.83 eV
respectively. Though the reported values cannot be directly com-
pared to that of the present investigation, difference observed in
activation energy can be justiﬁed based on faster diffusivity of N
atoms compared to ions.
The simulations revealed that activation energy required for
nitrogen atoms to move from one equilibrium position to the next
is not drastically different between Fe and Ni systems as expected.However, considerable variation was observed in the pre-exponen-
tial factor. Pre-exponential factor in turn can be expressed in terms
of the jumping frequency ‘C’ and lattice parameter ‘a’ as follows
[23]:
D0 ¼ 16 Ca
2 ð7Þ
Substituting the values for D0 and a in the above equation, the
jumping frequency ‘C’ can be calculated. Table 2 shows the C val-
ues obtained for both the systems. Jumping frequency of nitrogen
atom in the two systems differs by approximately three orders of
magnitude which explain the differences observed in the diffusivi-
ties. Using the activation energy values which are equal to the
migration energy in the case of interstitial diffusion, binding energy
of N atom with Fe and Ni atoms was estimated using the following
equation:
Eb ¼ EMM þ ENN  EMN ð8Þ
where EM–M, EN–N and EM–N, the interaction energies between M–M
(where M can be Fe or Ni), nitrogen-nitrogen and M-nitrogen atoms
were determined from the reference lattice structures and substi-
tuted back in Eq. (8) to obtain Eb. The values were obtained as
0.34 and 0.47 eV for Fe–N and Ni–N respectively.
Information available in the literature [29–31] is with respect to
the study of nitrogen diffusion based on growth kinetics of the
nitrided layers in Ni-based alloys of varying composition. Wide
variations observed in the diffusivity and activation energy values
for nitrogen in these alloys were justiﬁed based on the differences
in the (a) concentration of nitride forming elements (like Cr and Fe)
and (b) experimental conditions used for nitriding. In this context
the present work enabled direct comparison of nitrogen diffusivi-
ties in pure Fe and Ni lattices.Conclusion
MD simulations revealed sluggish diffusivity for nitrogen in Ni
when compared to that in Fe conﬁrming that Ni-based alloys are
100 T.N. Prasanthi et al. / Results in Physics 4 (2014) 96–100better structural materials than austenitic stainless steels for nitro-
gen containing atmospheres as in ﬁssion chambers.
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